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The United States agricultural system provides numerous opportu­
nities in which solar energy can be utilized. Low to moderate tempera­
ture rise collectors can provide a large percentage of the energy 
requirements normally met by using high quality fossil fuels. As world 
demand for food production increases due to a growing population, alter­
native sources of energy need to be developed and applied as substitutes 
for these increasingly scarce fossil fuels. Agriculture offers practical 
advantages for the use of solar heat energy because there exists suffi­
cient area for solar collectors and a wide range of temperature appli­
cations on most farmsteads. 
Demand for energy on the farm peaks during the fall and winter 
months when energy is simultaneously required for space heating of 
livestock and poultry buildings and for crop drying. However, during 
these mont1s, the quantity of solar insolation available is at its 
lowest level. Therefore, a solar energy system designed to co lect the 
most energy possible would be of great importance. One way to increase 
the solar heat collected is through the use of a concentrator system 
that continually tracks the sun's movement. By using this system, 10. 0 
to 93.3° C (50 to 200° F) temperature rises can be achieved and a 
smaller collector can be used due to �ore precise focusing. A tracking 
mechanism also enables more solar energy to be collected during the 
early mo?:'ning and late afternoon hours, than with a non-tracking solar 
concentrator system. 
A solar concentrator with tracking abilities has the potential to 
provide these advantages, provided a simple control mechanism for the 
intensifier can be designed. The cost of the control mechanism can be 
reduced by using a periodic manual adjustment on the intensifier to 
maintain a precise focusing of sunlight on the collector. 
To investigate thts method of maximizing the solar heat collected 
during the fall and winter, research was conducted with the following 
objectives: 
1. Design a solar energy-intensifier system with multiple use 
capabilities. 
2. Evaluate the thermal efficiency and energy collecting ability 
of a solar energy-intensifier system with sun tracking and non-tracking 




Solar Energy as Applied to Agriculture 
The use of solar energy for agricultural purposes has included both 
crop drying during storage and heating of livestock buildings. Pelletier 
(1959) and DeShazer, Moser, and Teter (1976) concluded that the use of 
fossil fuels for the space heating of agricultural buildings is particu­
larly wasteful, since a large portion of the heat is lost during venti­
lation to remove moisture from the building. However, totally confined 
buildings need controlled temperature and humidity to provide a com­
fortable environment for the livestock. Solar heated air is an econo-
mical way of accomplishing this, Parker (1976) . The use of high level 
energy sources in the form of burning fuels to provide this low level 
energy for heating would also be reduced, resulting in a savings for 
the livestock producer, Pelletier (1959) . 
Reece and Deaton (1977) and Urner (1953) suggested that solar energy 
could be significant in reducing energy expenditures in poultry housing 
In the United States alone, 10.5 x 10 6 joules (10. 0 x 10 12 BTU) of energy 
in 1974 was used by the poulLry industry, with two to three percent of 
that amount used to r::1ise and process broilers. Solzr energy could pro­
vide a substantial amount of this energy accordlng to Flood and Koon 
(1976) and Lowry and Combes (1976). 
Studies of solar supplemented heating of a swine finishing unit have 
been coP.ducted by DeShazer, Moser and Teter (1976), and of a beef housins; 
unit by Yexley (1977) . A 25 percent reduction in the energy r quire­
ments waF reported by using solar heating, Deshazer, Moser and Teter 
(1976) . Studies of heating of milking parlors by Thompson (1975) and 
Thompson and Hayden (1976) have also indicated a reduction in fossil 
or conventional fuel requirements. 
4 
Due to the changing method of grain harvesting techniques, as well 
as the rapid increase in grain production, greater amounts of energy are 
now needed to process these crops, Bender et. al. (1966). The switch 
from ear corn harvesting to field shelling of corn, and the reduced 
capacity of commercial elevators to handle the additional corn encourageJ 
fanners to t�rn to on-farm drying and storage systems. Drying can be 
accomplished by two methods. High speed, high temperature dryers lower 
the mo!sture content of the corn before it is put into storage. Low 
speed, low temperature units dry the corn while it is in storage. Since 
corn dried by low temperature methods can better tolerate intermittent 
or variable levels of heat input, solar energy is considered more appli­
cable to these methods, Foster and Peart (1976) . 
The amount of fossil or conventional fuel that can be saved will 
depend on the availability of solar energy in any particular region, 
Foster and Peart (1976) . Scattering and absorption of the sun's rays 
due to dust and water vapor, as well as the amount of cloud cover affect 
the intensity of the solar radiation on the earth's surface, Becker and 
Boyd (1961) and Meyer, Keener, and Roller (1975). The length of path of 
the sun's rays, according to Becker and Boyd (1961), and the1.r ang�_e of 
approach with respect to the earth� ace also affect the level of 
insolation. Foster and Peart (1976) have indicated that the solar 
intensity will vary from about 14763.5 KJ per m2 per day (1300 BTU per 
ft2 per day) in the corn belt to about 22713. 1 KJ per m2 per day (2000 
BTU per ft2 per day) in the desert areas of the United States. 
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Many types of solar collectors have been developed to utilize this 
incoming solar radiation. The most common type in use, and least expen­
sive to construct, is the flat plate collector. One basic type is the 
bare plate collector. This consists of a flat piece of sheet metal, 
either painted or unpainted, placed over an air chamber, Peterson (1976) 
and Shove (1977). The spaces between the purlins or girts of a metal 
building, when enclosed, can form this type of collector. Sheet metal 
can also be bent to follow the curvature of grain bin walls, leaving a 
space between the bin wall and sheet metal, Peterson (1976). 
Research by Brown and Forbes (1976) involved cotstructing channels 
under the roof of a poultry building to form a bare plate collector. 
The space between the purlins was enclosed with 0. 635 cm (1/4 inch) 
plywood and insulated wi.th • 54 cm (1 inch) of polyurethane. Hall (1978) 
tested a similar arrangement and obtained an efficiency of 25 percent 
with an airflow of 198. 2 m3/minute (7 000 ft3 /minute) and an average 
temperature rise of 5. 5° C (10. 5° F) . Soebel and Buelow (1963) investi-
gated various effects pertaining to the construction of such a collector. 
It was concluded that corrugations in the sheet metal at right angles to 
the airflow increased the efficiency, buc that painting the sheet metal 
had no effect. Soebel and Buelow (1963) indicated that the higher 
absorptivities due to painting were probably offset by t�e increased 
heat loss due to a higher collector temperature, thus showing no increase 
in efficiency Brown and Forbes (1976), Buelow (1972) , Hall (1978) and 
Soebel and Buelow (1963) further concluded that the maximum pressure drop 
should be limited to 1. 27 cm (1/2 inch) of static pressure for best 
performance. 
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Horrj_son and Shove (1975) and Peterson (1977) investigated covering 
the south facing two thirds of grain bins with a bare plate solar col­
lector to dry corn. A maximum temperature rise cf about 2. 8° C (5° F) 
was reported. In 1976, 458 hectoliters (1300 Eu.) of corn was solar 
dried at a cost of 74 cents per hectoliter per point of moisture removed 
(26 cents per bu. per point) , Peterson (1977) . A conventional bin using 
fuel heated air, dried 1761 hectoliters (5000 Bu. ) of corn at a cost of 
$1. 53 per hectoliter per point (54 cents per bu. per point) , showing a 
considerable savings in conventional fuel by utilizing solar energy. 
Flat plate collectors can also be of the suspended sheet type, in 
which air flows on either or both sides of an absorber and is covered 
with a material high in transmissivity, Peterson (1976) and Shove (1977). 
Buelow (1957) and Carr et. al. (1976) noted that the efficiency of this 
type of collector decreases as the solar intensity increases, or as the 
inlet air temperature is increased. Cover materials can range from 
fiberglass to various types and thicknesses of pl�stic fill�s, Foster and 
Peart (1976). 
Smit and Shove (1976) have indicated that t!le performance of a flat 
plate suspended sheet collector will depend on several factors: the air 
velocity though the collector, the trans�issibility and heat insulation 
of the cover, t.he angle bet�een the sun and collector surface, the 
characteristics of the absorber surface, and the properties of the 
insulation. All these factors determine the useful heat output of the 
collector. 
7 
Suspended sheet collectors have been used in a wide variety of 
applications. Carr et. al. (1976) , Forbes and Mcclendon (1977), and 
Harmon (1967) studied the heating of broiler houses. Carr et. al. (1976) 
reported an efficiency of 28 percent, and noted that the low efficiency 
was probably due to the low airflow rate of 28.2 m3/minute (996 CFM) . 
DeShazer, Moser, and Teter (1976) modified an open front swine finishing 
unit to accommodate a flat plate collector covered with a 3 mil layer of 
Tedlar. Efficiencies ranged from 20 to 70 percent, according to 
DeShazer, Moser, and Teter (1976) , depending on the cloud cover. Buelow 
(1958) tested a suspended sheet collector using two layers of glass for 
covers, and found that the drying rate for corn was three times that of 
unheated air. 
Solar energy can also be collected by use of an inflatable plastic 
film type of collector. These consist of a clear plastic tube suspended 
by hoops, or supported by air pressure, that rest directly on the ground, 
Foster and Peart (1976) . Inflatable type collectors are characterized 
by being quickly and easily stored, having a low initial cost and 
attaining a low temperature rise, Horsfield and Hataria (1976) . Hammond 
and Winsett (1976) , Keener, Sabbah, Meyer and Roller (1977) , and Peart 
et. al. (1976) have investigated inflatable collectors composed of two 
cylindrical tubes, one inside the other. The outer tube is clear, while 
the inner one is opaque to sunlight, and heated air is drawn from the 
inner tube. Other investigators in this area include Converse, Foster, 
and Saver (1976), Kranzler, Bern, and Kline·{l975) , and Meyer, Keener 
and Roller (1975). 
Lipper and Welker (1976a) tested a "bin-bib" collector in which 
8 
a plastic film was wrapped around a grain bin used to dry corn. Problems 
encountered with this system were rodents chewing holes in the plastic 
and the seams of the plastic bursting where it was attached to the bin. 
Lipper and Welker (1976b) also studied drying corn using a plastic 
cylinder with a domed top, in which air was blown down through the corn 
layer. The plastic container measured 1.83 m high by 4.57 min diameter 
(6 feet by 15  feet) , with a clear fiberglass dome. However, this system 
was also found to be vulnerable to damage, and is not cost-effective for 
present use. 
Inflatable collectors are faced with other problems, according to 
Horsfield and Hataria (1976). Performance is limited by the heat 
transfer characteristics between the tube material and air, the tubes 
are not rigid and must be protected from strong winds, and long collec­
tors are difficult to align. Weather can also cause the plastic tubes 
to deteriorate ·over a period of time, Lipper and Welker (1976b). If 
these disadvantages can be overcc�e, then inflatable collectors can pro­
vide satis factory performance where low temperature rises are required, 
Horsfield and Hataria (1976) . 
A common situation encountered with all types of solar collectors 
involves the question of how to store the solar energy collected during 
sunny weather for use at a later time. One concept involves utilizing 
a loug ter:n storage system, in which energy collected during the summer 
is stored for use during the fall and winter, Eckoff and O�os (1 976), 
and Parker et. al. (1976) . Rocks, 1163. 6 metric tons (1280 tons) , or 
575. 5 metric tons (633 tons) of soil in a wat rproof pit, with a 120 
hour d�scharge rate, could provide satisfactory energy for grain drying 
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in the fall, Eckoff and Okos (1976) . Mathur (1962) states that at least 
50 percent of the energy put into storage must be available within three 
months to make such a system practical and economical. 
The second concept is that of a short term storage system. Solar 
energy collected during daylight hours is used during the night, or for 
short periods of time, Eckoff and Okos (1 976) . Such a system would be 
inherently smaller than the first, since less energy is being stored, and 
could be more readily adapted to the size of solar collectors currently 
in agricultural use. 
Thermal storage systems are primarily designed to store the sensible 
portion of the heat extracted from solar collectors, Peterson (1976) 0 In 
addition to soil and rocks, water has been investigated for possible use, 
Eckoff and Okos (1976) and Pratt (1977) . These materials offer good 
storage mediums as they are easily obtainable, relatively inexpensive, 
and possess reasonable heat storage capacity, Mathur (1962) and Parker, 
Loewer, and White (1976) . Walton et. al. (1 978) studied two underground 
rock beds, of 4. 82 metric tons (5.3 tons) and 9. 72 metric tons (1 0. 7 
tons) and concluded that small rock beds should be insulated for maxi­
mum storage. A 74 m3 (261 3. 3  ft3) bed containing 1 02. 8 metric tons 
(113. 0 tons) of crushed limestone had a heat storage capacity of 90, 300 
KJ per 0c (154, 058 BTU per °F) according to Butler and Treger (1978). 
Other investigators of rock storage systems include Forbes and McClendon 
(1977) ,  Converse, Foster and Sauer (1976) , and Julson (1977) . 
Peterson (1976) states that water storage systems have three times 
the capacity of an equal volume of rocks. Vaughan ct. al. (1976) and 
Vaughan, Holmes, and Sell (1978) explored the possibility of using 
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insulated covered ponds to store heat. Eckoff and Okos (1976) reported 
that soil storage systems will work best when kept saturated with water 
and limited to low temperature applications. 
Storage materials can also be in the form of eutectoid salts, which 
undergo a change of phase or physical-chemical change at a temperature 
within the range of that supplied by the solar collector. Salts tested 
for use by MacCracken (1977) and Eckoff and Okos (1978) include sodium 
sulfate decahydrate, sodium thiosulfate pentahydrate, and trisodium 
phosphate dodecahydrate. Combinations of these or other salts could 
give eutectic mixtures with melting points as low as 4. 4° C (40° F) , 
making them suitable for farm applications, MacCracken (1977) . Sodium 
sulfate decahydrate or Glaubers salt was found to be about twice as 
efficient as soil or rocks, according to Eckoff and Okos (1978). 
However, it was 59.1 times and 8 times more expensive than soil or rocks, 
respectively, making it uneconomical for extensive use. 
Solar collectors utilizing energy storage systems have many practi­
cal advantages for farm use. With ample area for collectors, fuel 
reserves for backup or peak demands, and a wide range of low to inter­
mediate heat requirements, a multiple use system becomes attractive, 
Hansen and Smith (1976) , and Deschenes et. al. (1976) . The system could 
be portable and moved from site to site, or could be a centralized unit 
located within range of the various points of application, Deschenes 
et. al. (1976) . The multiple use concept allows for larger collector 
capacity, which can be economically more feasible, Foster and Peart 
(197 6). 
Multiple use systems requiring an intermediate heat output make the 
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concentrating type solar collector particularly advantageous. With the 
higher energy flux per unit area, and the lower thermal losses due to a 
smaller collector area, intermediate heat loads can be easily met, 
Kreith (1975).  
The NSF/NASA solar energy panel concluded in 1 972 that solar energy 
is received in sufficient quantity to make a major contribution to the 
future heat and power needs of the United States and that there are no 
technical barriers to the widespread application of this energy, ASHRAE 
( 1 97 8) . However, there are basic problems that need to be overcome to 
achieve these goals. Solar radiation is low in intensity, rarely 
exceeding 945 w/m2 (300 BTU/hr-ft2) which makes large collectors neces­
sary when large amounts of energy are required. S olar radiation is 
intermittent due to diurnal and weather variations, which consequently 
requires a means of energy storage for continuous use, ASHRAE (1978) .  
This variation in solar radiation can differ 4 0  percent between monthly 
averages from year to year, and 20 to 30  percent from site to site, 
Williams (1977) . 
Solar Concentrator Systems 
Hellickson (1976) defined a solar concentrator as a device which 
focuses or reflects energy from a relatively large area to a relatively 
small area. The aperture, according to Kreith (1975) is the proj ected 
opening through which solar energy is admitted and then redirected to 
the absorber . Hellickson (1976) and Kreith (19 75) further define the 
concentration ratio as the aperture area divided by the absorber area. 
Concentration of the solar energy is necessary in order to achieve 
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intermediate o r  high temperature rises, Hellickson (1976) and Winston 
(1974).  System cost can also be reduced when the absorber cost is  higher 
than the concentrator cost, Rabl (1975) . Hellickson (1976) and Peterson 
( 1976) also state that overall system efficiency may be improved as a 
result of concentration. 
Solar concentrator-collector systems can be of either the sun 
tracking or non-tracking types, ASHRAE (1978) , Hellickson (1976) , and 
Tabor (1958) . Since tracking the sun using a mechanism a ttached to the 
reflector involves an increase in the cost of equipment and maintenance, 
careful consideration of its relative advantages must be made before it 
is used, Tabor (1958) . In order to understand these advantages, an 
evaluation of some of the aspects of solar geometry is necessary . 
ASERAE (1978 ) ,  and Tabor and Ziemer (196 2) state that as the s un 
moves across the sky, two motions can be readily tracked. One is the 
sun ' a  azimuth, or its angular position in a horizontal plane from true 
south . The second is  the solar altitude, or the vertical angular 
measurement in a plane parallel to the sun's rays made with respect to 
the horizontal. When both movements are accounted for in a tracking 
system, it enables the device to follow the s un perfectly, ASHRAE (1978) . 
During the days of solar equinox, the sun describes an exact semi­
circle in a plane passing through the ob server, with an angle from the 
vertical equal to the geographic latitude of the site . In this plane, 
the sun moves horizo tally across the sky, without any vertical displace­
ffient. On any other day, a vertical t ranslation of the sun ' s  image will 
occur. Since, according to Tabor and Ziemer (196 2) ,  the vertical move­
ment is much less than the sun ' s  azimuthal movement, tracking is more 
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likely accomplished by following the sun ' s  vertical movement. 
Hellickson (1976) and Rahl (1975) have identified many types of 
stationary solar concentrators available. The "seashell" type concen­
trator, according to Rabl (1975) , has the advantage of variable output 
with the seasons . The concentrator has an acceptance half angle of 36°,  
and a collection time of at  least 7 hours per day . The concentration 
is 1. 7 at normal incidence, but varies from O to 3. 4 depending on its 
orientation. 
A linear fresnel lens concentrator consists of a flat surfaced lens 
with the underside cut into sections, each resembling a small prism, 
Nelson, Evans, and Bansal (1975) . The concentration was found to vary 
from 1 0  at noon to near zero about 4 hours either side of noon. Rabl 
(1975) stated that a large field of fresnel mirrors could be used in 
large installations. Nelson, Evans, and Bansal (19 7 5) further noted 
that using smaller apertures and longer focal lengths helps to improve 
efficiency. 
Tabor and Ziemer (196 2) evaluated the use of an inflatable cylin­
drical focusing collector . An attempt was made to develop a low cost 
collector-mirror combination that would have an accurate optical shape, 
high rigidity, a protected mirror surface and good transportability. 
It was concluded that if the angular range for which all rays that 
reached the absorber was in the order of 1 5  to 20°, a circular profile 
could provide better overall focusing than a parabolic profile. This 
can be explained descriptively by noting that a parabolic mirror rapidly 
loses symmetry wi th respect to the incoming beam, a s  he beam deflects 
from the paraxial pos !tion whereas a circular profile is always 
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symmetrical. Thus there is a cross-over point in which the circle has a 
better focus, even though the parabola focuses a paraxial beam better 
than a circle. Allowing for seasonal adjustment, Tabor (1958) and 
Tabor and Ziemer (1962) concluded that a concentration ratio of about 
3 can be achieved, when using an isoceles shaped triangular collector. 
McDaniels et. al. (1975) and Seitel (1975) determined that using 
horizontal reflectors on the south side of a vertical flat plate collec­
tor can increase the light gathering ability by about 1. 4 to 1.7. This 
occurs because the total collector area is increased , and some of the 
solar radiation is redirected to a more nearly normal incidence on the 
collector. For collectors not tilted to the most optimum orientation, 
Seitel (1975) concluded that these reflectors would be particularly 
useful. 
Work involving . the use of side mirrors on a fixed , flat plate col­
lector was conducted by Tabor (1966). In this system, referred to as 
the Shuman system, the side mirrors enhance the amount of radiation 
reaching the collector. Tabor (1966) modified this setup by placing 
mirrors on the west end of the collector, facing east, in the morning, 
then transporting them to the east side for the afternoon. This resulted 
in an output more uniform than with the Shuman system, remaining approxi­
mately rectangular throughout the day. 
Sun tracking type focusing collectors have been studied by Kreider 
(1975) , Lof and Duffie (1963) , and Parker , Loewer, and White (1976) . 
Essential requirements for these types of concentrators include having a 
rotation mechanism or control for continuous adj ustment to follow the 
sun, and having an accura te surface with which to focus the sun 's rays , 
15  
Parker, Loewer, and White ( 1 976 ) . Other requirements include having a 
high reflectivity and/or high transmissivity of the focusing system, and 
high absorptivity and low heat loss from the collector. Kreider (1975) 
tested a 120° spher ical mirror with an absorber mounted on the radius of 
the sphere and extending nearly to its surface. By rotating the absorber 
about this point, it is possible to keep the sun's rays focused on it. 
Kreider ( 1 975)  further noted that this system is very dependent on the 
level of the sun's insolation, and its efficiency is affected somewhat 
by the effects of wind. 
In deciding on whether to use a concentrating type focusing collec­
tor, Kreith ( 1 97 5) states that the cost involved should be weighed 
against its benefits over the useful life of the system. Heat loss to 
the surroundings is reduced due to the smaller absorber area, Lof and 
Du ffie (196 3 ) .  However, the concentrator is the heaviest and most 
expensive component of the system. Higher temperatures are possible 
w1.th a focu ing collector, but far less diffused light may be 
utilized, Kreith (1975) . A tracking mechanism improves the efficiency, 
but incurs an added cost and requires additional maintenance, Peterson 
(197 6 )  and Tabor and Zeimer (1 962). All these facts become important 
when consid2ring the heat requirements for cold, northern climates. 
Collector Desig Considerations 
A fiat plate collector is an ideal type of device in that it con­
tains no moving parts, is relatively easy to construct, and is easy to 
main tain, Pelletier (1959) .  7hese collectors have been used to heat 
many different fluids, including water and air, ASHRAE (1978) . The 
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maj or obj ective in designing a flat plate collector, according to ASHRAE 
(1978) ,  has been to collect as much solar energy as pos sible at the 
lowest pos sible cost. 
Souka (1 965) experimented with a double exposure flat plate collec­
tor in which both sides of the collector were exposed to sunlight. The 
south side received sunlight directly, while reflectors were employed to 
direct s unlight on the north side. The reflectors consisted of polished 
aluminum, and Souka (1965) reported temperature rises of 1 1 ° C (1 9.8° F) 
at 9 a.m. , and 38.5° C (69.3° F) at 12 :45 p. m. McDaniels et. al. ( 1975) 
tested a similar type collector and found that the optimum reflector 
position is a few degrees above or below the horizon for winter condi­
tions, depending on the geographic latitude. 
The choice of cover materials depends on several factors, Godbey, 
Bond, and Zornig (1977) . These include solar energy transmis sion, long 
wavelength energy transmiss ion, the resulting amount of diffused radia­
tion under the cover, resistance to ultraviolet degradation, mechanical 
strength, material cost, and installation costs . Godbey, Bond, and 
Zornig (1977) stated that a connnon weakness  of  many cover materials, 
notably polyethylene plastic, is their low resistance to weathering. 
Both ultraviolet radiation, which induces photochemical processes, and 
the solar radiation band between 0 .3  to 3.5 micrometers promote degrada­
tion. Heat is  also a dominant factor for many types of plastics, while 
oxygen, humidity, and wetness are only slightly significant. Foster and 
Peart (1976) further noted that plastic collectors are subject to damage 
from wind, ice, snow, rodents and farm animals,  hail, and flying gravel. 
Cold weather can also cause the plastic to become brittle and shatter, 
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Foster and Peart (1976) . 
Higher temperature rises possible with a suspended sheet collector 
may require that multiple covers be used to reduce heat losses from con­
vection and radiation, Daniels (1964) . Each additional cover used will 
reduce the incoming solar radiation because of reflection at the cover 
interface, Daniels (19 64) and Duffie and Beckman ( 1974 ) .  An optimum 
number of covers can be determined by considering the decrease in heat 
loss against the loss caused by reflection, as well as the cost of 
materials and construction, Daniels (1964). 
Jordan et. al. (1967) stated that a 2 percent reduction in trans­
mittance due to dust buildup on the covers was adequ�te for a sealed 
system with only the outer cover exposed. Robbins and Spillman (1977)  
tested a collector with a transparent cover used as the air intake, and 
concluded that dust buildup had little effect on transmittance. After 
1 1  months of service, a collector with two layers of Tedlar showed a 
slight decrease in transmittance, while one with one layer actually 
showed a slight improvement. 
Foster and Peart (1976) and Forbes (1976) both state that insulation 
is important in preventing the heat collected from escaping. Whillier 
(1967)  reconnnended an edge insulation of 2. 54 cm ( 1  inch) to reduce 
convective heat loss. Forbes (1976) further recommended that all j oints 
and seams be properly caulked, using a silicone based caulking compound . 
· Flat plate collectors that lie on the ground need not be insulated, as 
the warming effect of the soil may actually increase the collector ' s  
efficiency by as much as 2 5  percent, Foster and Peart ( 1 976) . 
Absorber materials can consist of aluminum, copper, or steel plates 
---------------------
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for liquid type c ollectors ,  and 2 6  gage corrugated sheet metal or 
aluminum for air types, Forbes (1 976) . Corrugations add strength, and 
increase the turbulence in the air flow. For absorber coatings, 
Rustoleum flat black paint in either its high or low temperature versions 
is recommended by F orbes (1976) . This paint has a high absorp tance, is 
relatively inexpensive, and can withstand the high temperatures found 
inside collectors. 
The effects of shading by the supporting members of the collector 
and collector covers can be compensated for by painting the inside sup­
ports black to aid absorption, and the outside supports white to reflect 
light, Robbins and Spillman (1977) . This was found to give a net effect 
0 for shading losses of approximately 3 percent for incident angles of 45 , 
Whillier (1 967) .  
Precise co llec tor orientation normal to the sun's rays is not neces­
sary due to the presence of significant diffused radiation, Buelow ( 1 963) . 
McDaniels et. al. (1975) have shown that energy collected is not reduced 
0 noticeably for angular changes of 15  to 40 away from the optimum colle c-
tion angle calculated for a direct beam. A vertical collector will 
require a reflec tor tha t will bring the sun ' s  rays within these angular 
limits. 
Economics 
0 Flat plate collectors without reflectors producing up to a 8.3 C 
(1 5° F) temperature rise were found to be economical by Buelow (1962) , 
for use in corn drying. Reece and Deaton (19 7 7) reports that 90 percent 
of the fuel cost for raising broilers was saved by utilizing solar 
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energy. An inflatable collector tested by Kranzler (1975) similarly 
saved 5. 7 cents per KWH per hectoliter (2 cents per KWH per bu. ) in 
drying corn. Morey and Peterson (197 7) report, however, that not all 
solar heating systems are economical. Foster (1977) states that corn 
drying collectors were not cost effective at 1 974-1976 prices . Solar 
drying may also be more economical east of the Mississippi River 
according to Pratt (1977) , due to the higher humidities present in that 
region. Morey and Cloud (1976) state that savings from an all solar 
drying system are modest when compared to a combination of low and high 
temperature drying. Multiple use systems may provide the best potential 
for savings because of their lower cost per unit area of collector, and 
their year-round availability for use, Hansen and Smith (1976) and 
Pelletier (1959) . 
The cost of the solar collector system is the optimizing criterion 
for design of most applications, Lof and Duffie (1963) , and will be 
offset somewhat by rising fuel costs, Foster and Peart (1976 )  and 
Spillman, Robbins, and Koch (1976) . Using engineering economy methods 
by Grant, Ireson, and Leavenworth (1976) , the system cost  was shown in 
terms of uniform cos t, Spillman, Robbins, and Koch (1976) . Pelletier 
(1959) suggested that the area of the collector be divided by the annual 
value of beat collected in terms of fuel costs to arrive at an earning 
power per m2 (10. 76 ft2 ) of collector. Lof and Duffie (1963 ) suggested 
maximizing the ratio of useful heat output times the years of useful 
life, divi ded by the total capital investment. 
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RESEARCH PROCEDURE 
The solar energy-intensifier system was designed with a two-sided 
vertical collector, and a parabolic trough reflector. The design of the 
system emphasized the use of generally available materials. Conse­
quently, all materials for the construction of this system were obtained 
locally, with the exception of the plastic and fiberglass used for the 
collector covers, and the reflective film surface. 
The collector was constructed with nominal outside dimensions of 
0 . 7 6 met�r high by 7. 3 meters long (2.5 ft. by 24 ft. ) ,  and used a1.r as 
the heat transfer fluid, Figure 1. The collector cover consisted of one 
layer of clear fiberglass, separated by a 1. 9 cm (3/4 inch) insulating 
air space from a single layer of transparent plastic. The fiberglass 
cover, 0. 63 5  mm (0. 025 inch) thick , had a light transmission of 85 to 90 
percent, and possesses an insulating quality 6. 8 ti.mes greater than 
glass. The fiberglass is stabilized against ultraviolet degradation, 
0 0 and can withstand temperatures of over 93. 3 C (200 F) for extended 
periods of time. The inside cover is a polyester film, 3 mils thick, 
with no ultraviolet stabilization. The absorber material is 0. 455 mm 
(26  gauge) corrugated aluminum sheeting painted with three coat� of flat 
black paint. Collector and window framing reduced the collector 
absorber area by 2�. 4 percent, for a total effective area of 8. 43 m2 
(90.75 ft2 ) ,  Figure 2. 
The reflector was 3 . 6 1  meters (11. 86 ft) high, and 1 1 . 0 meters 
(36 ft. )  long. It was constructed in three separate sections, each 3. 7 
meters (12 ft. ) long to allow for easier focusing. The reflector frame 
-----------------------
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was of steel, and the reflective surface consisted of a metalized acrylic 
film with a pressure type adhesive backing. The film was applied to 
1.52 mm (16 gauge) sheet steel, which was attached to the structural 
frame. The reflectivity of the film was 80 to 90 percent for wavelengths 
of 0 . 3  to 2. 2 milimicrons . The parabolic shape selected for the reflec­
tor, when used with the pivot point at the bottom, required a 3. 5 m (11 . 5  
ft. ) segment of a 4. 6 m (15 ft. ) parabolic curve . The segment used was 
that portion from 0. 6 meters (2 ft . )  above the directrix to a point 4. 1 
meters (13. 5 f t . ) above the directrix. This provided a focal strip on 
the collector surface from winter solstice through summer solstice for 
the Brookings, South Dakota, latitude. The reflector was elevated to the 
proper height with wooden posts, and additional structural support was 
provided by 15. 2  cm by 15 . 2  cm (6" by 6") wooden posts, Figure 3 .  
The tracking mechanism was powered by a 1 0  watt synchronous motor, 
rotating at one revo lution per minute. This was reduced by using a 
60: 1 speed reducer to one revolution per hour . A 2 .54 cm (1 in . )  
diemeter shaft carried the power from the speed reducer to either end 
of the reflectors . A gear and chain system, located at each post, 
further reduced  the rotation of the large gear to one revolution per six 
hours . Movem€n t of the ref lector was accomplished by attaching a shaft 
from the reflector to a pin on the rim of the large gear with an 
adj ustable mechanism, Figure 4 .  
The collec tor was placed 3. 29 meters (10 .8 ft. ) from the reflector 
by mi s take, and should have been placed at 3 .60 meters (11 .8 ft. ) .  The 
ple num and connec ting duct �ork were c onstructed from 1 . 3 cm (1/2 in.) 
ply-wood wit h 2. 4 cm (1  in. )  of polyurethane insulation board. The 
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plenum wa s angled from 0. 15 meters to 1. 2 meters (0. 5 ft. to 4.0 ft. ) to 
provide a more uniform airflow through the collector, Figure S .  
The research was conducted at the Agricultural Engineering Research 
Farm approximately 11. 3 kilometers (7 miles) southwest of Brookings. 
The tes t  facility consisted of the solar energy-intensifier system, two 
253. 4 hectoliter · c1000 Bu. ) conventional drying bins, each 4.6 meters 
(15 ft.) in diameter, a rock heat storage box, and an instrument 
building, Figure 5. The shelled corn was cleaned prior to being placed 
in the bins, and the bins .were filled to the eaves. Solar heat was 
applied to the west bin, and conventional ambient air drying was used 
in the east bin. The fans were 2238 watt (3 horsepower) aeration types, 
with single phase 230 volt motors and vane axial blades. 
Drying began on November 2, 1 9 77, but was interrupted by a severe 
snowstorm on November 9 ,  1977. A wooden post supporting the center 
reflector broke off at its base, causing the reflector to be b lown down 
on top of the collector. Substantial damage occurred to both the 
reflector and collector, and repairs could not be completed until 
1-ovember 20. Ambient air was used to dry the corn in the west bin while 
repairs were proceeding , and by November 20, the moisture content of the 
corn had dropped to about 16 percent . Therefore, continued measurements 
of the moisture content were discontinued, but further data on the 
system were taken throughout the winter and spring. 
The solar dryer bin fan was used to draw 34. 0 m3/min (1 200 CFM) of 
air thro�gh the collector . The airflow rate in the collector was 
measured using a hot wire anemcmeter . The inlet air to the collector 
was drawn through the rock box, although the rock box was not used in 
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3 . 66 m , • 3 . 66 
m-L._ 3 . 66 m 
0 2 . 0 ' ) c 1 2 . o ' Yr < 1 2 . 0 ' ) 
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7 .  3 2  m .... 
(24 . 0 ' ) 
1 . 22 m 
4 . 0 ' ) 
Duct 
Reflector 
Figure 5 . Plan view of  research facility . 
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this test. The air entering the south plenum circulated up the south 
side, across the top, and down the north side of the collector. The air 
entered the collector through a slot 2.54 cm (1 in. ) wide and 7. 3 meters 
(24 ft.) long, located approximately 20. 3 2  cm (8 in . )  above the bottom 
of the south plenum. The air was then drawn through the north plenum 
into the connecting ductworK and forced into the bin beneath the drying 
floor and upward through the grain. 
Data were collected for the solar supplemented drying bin using both 
solar tracking and non-tracking with the reflector. Using the reflector 
in its stationary or non-tracking mode, data were obtained from 
November 2, 1977, to December 21, 1977, and on March 30 and 31, 1978 
Data using the reflector in its tracking mode were obtained from 
January 2 0, 1978, to March 27, 197 8. All data were taken on clear or 
mostly clear days from 9 a.m. to 4 p.m. 
The data collected were used to determine the efficiency of the 
system in terms of how much solar energy could be collected by the system 
when using the reflector in its non-tracking mode, compared to using the 
reflector in its tracking mode. All data were based on the amount of 
solar energy available on a horizontal surface. 
The data collected consisted of system temperatures, airflow rates, 
and solar radiat ion. Temperatures at 12 points throughout the sys tem, 
and at one location at the instrument building were measured with copper­
constantan thermocouples and were recorded on a multi-point strip chart 
potentiometer, Figure 6. The solar radiation was measured using an Epply 
pyranometer, and was recorded on a strip chart recorder. 
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RESULTS AND DISCUSSION 
The results of this study include reflector-collector evaluation 
and the overall effectiveness of the system. Both sun tracking and non­
tracking methods were used in ob taining supplemental heat from the solar 
energy-intensifier system. Temperatures and solar radiation recorded 
during the test period are listed in Appendix C. Data for the non­
tracking system were taken from November 2 to December 2 1 ,  1977, and 
March 30-31, 1 97 8 . The sun tracking data were taken from January 20 to 
March 27, 197 8 .  
The system efficiency was evaluated in terms of the energy actually 
collected compared to the solar energy available. Solar energy available 
on horizontal , vertical and direct normal surfaces were used , Figures 7, 
8 ,  9 ,  and 10. The efficiencies are presented froo 0900 to 1 600 hours in 
order to evaluate the effectiveness of the system over the entire period 
of time during which it was used . It is important to note that although 
efficiencies for the vertical and direct normal surfaces are reported 
for the entire time span, it is difficult to accurately calculate the 
energy incident on these surfaces from energy recorded on a horizontal 
surface, Duffie and Beckman (1974) . The small altitude angles of the 
sun , and the inability to convert diffused and reflected radiation 
accurately from one surface to another may cause the inaccuracy in the 
conversion process. Only the beam component of solar radiation, and the 
diffused component coming from that part of the sky around the sun can 
be exactly converted according to Duffie and Beckman (1974) .  Duffie and 





80 1 1 / 2 1 /77 , Energy (V) 
N 60 .. 
"M 
CJ 






0900 1000 1100 1200 1300 1400 1500 1 600 
Time of Day 
Figure 7 .  Average efficiency as inf luenced by t ice of 
day for non-tracking da ta usin total collec tor­
refl ector area , energy on a hori zontal  (11 ) , 
vert i cal ( ) and direct  nornal (Di: )  surface a s  





-rt � � � 
1 00 -------------------------t 
80 






o �b---_,J,,. __ __,, __ ___...__ __ .£.-__ ....L.. __ _.. ___ _ 
0900 1 000 1 1 00  1 200 1 300 1 400 1500 1 600 
Time of Day 
Figure 8 .  Average efficiency as  inf
 uenced b T ti e of  day 
f or sun t racking d�ta us ing total  col
lec�or-reflec tor 
area , energy on a horizontal (H) , ver
t i cal  ( ) , and 
direct normal (D_1 ) surface as a datu
m ,  and e f f ic iency 





Effective Area (NT) 
80 To tal  Area (NT)  
Effective Area (ST ) 
40 
20 
Total Area (ST) 
0 ____ _.... __ ___. __ __,_ __ ___. _____ ..__ __ ...,__ __ __.___,j 
0900  1 000 1 1 00 1 200 1 300 1 400 1 500 1 600 
Time o f  Day 
Figure 9. Selected average eff icien
cies for non-trackin 
( T) and sun t racking (ST )  da ta usin
g effect ive and 
total collector-ref lector areas, energ
y on a dir ect 
normal surface as a datum . 
33 
1 00 _____________________ _, 
Effective Area (ST) 
80 





1000 11 00 1200 1300 1 400 1500 160
0 
Time of  Day 
0900 
Figure 10. Selected avera e ef ficienc ies
 for non-tracking 
(NT) and sun trac King (ST) data u s ing
 effec t i  e and 
total collector-ref lector areas , ece
rgy on a d irec t 
normal surface as a datum . 
34 
35 
errtirely satisfactory in treating diffused and ref lected radiation. 
Four ways of evaluating the efficiency are presented in this 
analysis. The first three indicate the efficiency at a particular time 
averaged over the test period. These efficiencies consider the nominal 
surface area of the reflector (3 .7 m by 11. 0 m, 1 2  ft . by 24  ft. ) as 
compared to energy on horizontal, vertical and direct normal surfaces . 
The fourth considers the effective collector area (total area minus the 
area of the supports) plus the instantaneous reflector area equal to the 
aperature distance multiplied by the width of the reflector equal to that 
of the collector (3. 6 m by 7.3 m, 11 . 86 ft. by  2 4  ft . ) . This efficiency 
is compared to energy on a direct normal surface . Efficiency based on a 
horizontal surface peayed at 65 . 3  percent, while reaching 35.8  percent 
for a vertical surface, for data taken while the solar energy intensifier 
was in its non-tracking mode, Figure 7. For data taken using the sun 
tracking mechanism, the efficiencies were 5 7.8 percent and 38.6  percent 
based on a horizontal and vertical surface, respect ively, Figure 8. In 
Figure 9, the energy available on a direct normal surface compared to the 
energy collected using the total area of the collector and reflector, and 
the effective collector and instantan�ous reflector areas are shown. In 
both comparisons, it can be seen that the average efficiency for the non­
trccking system was higher than the sun tracking system from 0900 to 
1200,  but that the reverse is true from 1 300 to 1 600. This shows that 
the solar energy-intensifier in its tracking mode could gather and con­
cent�ate slightly more energy on the average during the afternoon than 
its non-tracking counterpart. The reverse �as true for the morning 
hours. One reason for lower efficiencies in t e morning for the tracking 
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collector may be that the average nighttime temperature was considerably 
lower during a portion of the time for which data were collected. Also, 
additional time was required for the collector to "warm up" to its 
operating temperature, thereby resulting in lower efficiencies. These 
figures tend to justify the conclusion drawn by Peterson (1976) , - -
that "a tracking type concentrator does not provide the advan-
tage that might be expected during the coldest winter months. " By using 
solar radiation values given in tables similar to those in ASHRAE (1978) ,  
Peterson, (1976) was able to show that a collector with optimum orienta­
tion will receive about 80 percent as much radiation as one which tracks 
the sun. The evidence here shows that, when naturally occurring environ­
mental conditions are taken into account, even less of a difference is 
noted between a sun tracking and non-tracking concentrator system. 
Figure 1 0  compares the energy available on a direct normal surface, to 
that collected by the sun tracking system using effective collector area 
and instantaneous reflector area against that of the non-tracking system 
using the total nominal area. This graph shows the increase in effi­
ciency that can be calculated by using effective area rather than the 
nominal area, and demonstrates one of the many ways that efficiency can 
be reported. The National Bureau of Standards have standardized the 
reporting of efficiencies according to Hill and Kusuda (1974 ) , and this 
method will be used later in the analysis . 
On a clear day, energy collection efficiencies as high as 128.4 per­
cent at 1 400 (compared to the horizontal) , and 48.4 percent at 1 300 
(compared to the vertical) for December 6, 1 9 7 7, can be achieved for the 
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ranged from  126. 1 percent to 61. 3 percent at 1300 compared to the hori­
zontal and vertical, respectively , for January 24 , 1978 , Figure 1 1 .  It 
is important to note that efficiencies obtained when using the horizontal 
surface as a datum are above 100 percent. This is because the solar 
energy available on a hor izontal surface during the winter months in 
northern latitudes is less than the energy available on a vertical 
surface, due to the small alti tude angles o f  the sun. 
The average diurnal temperature fluctuations for the collector 
inlet, various po ints throughout the collector, the collector outlet , and 
the ambient air are illustrated for_ the non-tracking system in Figure 1 2 , 
and the sun tracking system in Figure 1 3. The collector inlet tempera­
ture indicated that the ambient air was preheated prior to entering the 
inlet. This was believed to occur because the inlet was close to ground 
level, and air was being drawn through the rock storage box which was 
connected to the inlet, but not used during this test. The ro ck box was 
able to absorb heat during the previous day, and store until the fol­
lowing morning, increasing the inlet temperature somewhat above the 
ambient. Snow cover surrounding the inlet during the winter months 
also increased the inlet temperature, by acting as an insulating 
material. Inlet temperatures were increased by as much as 3 . 0°C 
(5. 4° F)  for non-tracking data, and by 7. 5° C (13. 5° F) for the sun 
tracking data . The ambient temperature shows the normal diurnal tempera­
ture lag due to the atmospheric thermal lag of  the sun's energy warming 
the surface of the e&rth. A small increase in the average temperature 
is noted from the collector inlet along the south side of 
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surface, only the sun warming the plenum chamber on  the south side would 
cause any increase in temperature. The exit temperature peaked at 
0 40 . 4  C (72 . 7° F) at 1200 for the non-tracking data, while it peaked at 
37. 8° C (68 . 0° F) at 1 400 for the sun tracking data . The lower average 
exit temperature in Figure 1 3  can be a result of the colder ambient 
temperatures during January. Figure 1 2  shows a steady increase in 
average temperature from thermocouple points 4 to 6 along 
the north p lenum chamber of the collector . However, this is not readily 
seen for the sun tracking data in Figure 1 3 .  This may be attributed to 
the many leaks that developed during the later part of the data collec­
tion period due to the severity of the weather. 
The average temperature differences between the ambient air and 
collector exit air, the collector inlet and exit air, and those across 
the profile of the collector are shown in Figures 1 4  and 1 5  for non­
tracking and sun tracking data, respectively .  The average temperature 
difference bet�een the collector inlet and exit air peaked at 20 . 7° C 
(37. 3° F) at 1 200 for the non-tracking data, and at 23 . 0° C (41. 4° F) 
for the sun tracking data . The higher temperature difference in Figure 14  
can be  attributed to the lower ambient temperatures in  January for a given 
temperature rise . In  Figure 1 4, a steady increase across the profile of 
the collector is evident in moving towards the exit . However, some 
overlapping is noted in the early morning and late afternoon in Figure 15. 
This may be because of the leaks which developed in the system, allowing 
heat to escape before it reached the exit . The largest temperature 
difference occurred between 1100 and 1400 for both sets of data. 
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test periods, and the solar energy available on a vertical and horizontal 
surface are illustrated in Figures 16 and 17. In each graph, the large 
differences between energy available on a horizontal surface, and the 
energy av ailable on a vertical surface are due to the small sun altitude 
angles . This difference is as large as 45 65 watts/m2 (1677.0 BTU/hr-ft2) 
for the non-tracking data, F igure 16 , and 2 950 watts/m2 (1 083 . 7  BTU/hr­
ft 2) for the sun tracking data, Figure 17 , a t  1200. The greatest amount 
of energy was collected between 1 100 and 1400 for each set of data. 
However, more energy was collected by the non-tracking system than the 
sun tracking system when compared to that available on a horizontal 
surface. More total  energy, however, was collected for the sun tracking 
system than the non-tracking one, as evidenced by the area under each 
curve in Figures 16 and 17. 
Cumulative totals of solar energy avai lab le on the horizontal and 
energy collected are p�esented in Figures 18 and 19 for the non-tracking 
and sun tracking systems, respec tively. A small change in slope in each 
portion of the curve indicates an overcast sky condition in which little 
energy was collected . This can be seen for days 2 to 4 and 21 to 29 of 
November in Figure 18, and of days 27 to 31  of January and to February 5 
in Figure 19. The total energy collected was 2. 81 x o9 j oules (2 . 66 x 
106 BTUs) compared to 4. 84 x 109 joules (4 . 58 x 106 BTUs) available for 
the non-tracking data, and 3. 19 x 109 - j oules (3.0 2  x 106 BTUs) collected 
compared to 8.13 x 109 joules (7. 70 x 106 BTUs) available during the sun 
tracking period . 
F igure 20 illustrates the solar energy collected as rela ted to the 
energy available on a horizontal surface. Effic iency can be determined 
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from the slope of  the curve, where 100 percent efficiency would be 
represented by a 45 degree slope. The energy collected as compared to 
the energy available on a horizontal surface reflected the fact that the 
sun ' s altitude angle was small during the months of the test in 
Brookings, South Dakota. The slope of the curves indicates only a 
moderate efficiency for both the sun tracking and non-tracking data. 
The overall average efficiency of the solar energy-intensifier 
system from 0900 to 1600, based on energy collected to that available on 
a horizontal surface was found to be 51. 0  percent for the non-tracking 
system, and 36.7  percent for the sun tracking system. Both of these 
efficiencies were lower than originally expected, but can be explained 
at least partially by the gradual deterioration of the collector and 
reflector over the period of the test. The aluminized reflective 
material attached to the steel backing of the reflector became wrinkled 
over time. This was apparently due to moisture causing the material to 
peel away from the steel, and to the expansion and contraction of the 
steel with the changes in ambient temperature. Photographs were taken 
of two - on� square foot sections of the reflector that showed the 
wrinkles fcund on the reflector surface. The areas of the wrinkles, 
bubbles and cracks were measured using a planimeter and averaged. 
Approximately 18. 6 percent of the total area of each section was lost 
due to the above deformities. If these results are extended to the total 
area of the reflector, then approximately 81 . 4  percent of the 45.7  m2 
( 432  ft. 2) of reflector area, or 40 . l  m2 (35 1 . 6  ft2 ) was actually con­
centrating the incident solar radiation on the collector. An error in 
the placement distance of the collector resulted in a wider focal band 
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on the absorber, which reduced the focused intensity o f  solar energy. 
Bo th these f actors reduced the potential temperature rise on the 
abso rber surface, and resulted in less energy collection . The black 
paint with which the absorber was pain ted was observed t o  have chipped 
and peeled off gradually while data were being collected, resulting in 
lower amounts  of solar energy that could be absorbed by the collector . 
In considering the sun tracking system alone, further items were noted 
that could have affected its efficiency . The extremely cold weather in 
January resulted in higher heat losses to the outside air, and the small 
sun altitude angles affected the amount of solar energy available. Both 
these plus leaks in the system reduced the energy collected. By March, 
it had become apparent that rodents had dug holes through the 
plenum chamber during the winter, in order to gain access to the warmer 
air inside. The cold weather also caused j oints and seams to pull apart 
in the wooden framework of the collector and plenum , exposing numerous 
sli ts and cracks through which heated air could escape. Even though 
more end more energy became avai able on a horizontal surface in moving 
from January to }farch , given the above circumstances, the additional 
solar energy was not being collected. 
Normal reductions in efficiency may be attributed to heat transfer 
losses through the fiberglass and plastic materials used to cover the 
absorber surface, and possible reemittance in the longwave radiation 
range from the absorber surface. The trans�ittance of the inner trans­
parent layer of plastic was no t provided by the manufacturer . ASHRAE 
(1978) states that the transmittance of regular sheet glass ranges from 
0 . 86 to 0.91. The transmittance o f  the fiberglass was reported as 
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ranging from 0.85 to 0. 90. Thus, asstnning the plastic t o  have a trans­
mittance of 0 .88 or ap proximately equal to that of glass, and that o f  
the fiberglass a s  being 0 .875, it is expected that only 0 . 77 o f  the 
incident solar radiation available actually reached the s outh side of  
the absorber. The north side had two additional losses to be considered.  
The reflectivity of the �aterial used on the intensifier was reported to 
average between 80 and 90 percent . Als o, the effective area of  the 
reflector was reduced as stated earlier to 81. 4  percent of the total 
area. Thus, assuming a reflectivity of 0.85, and the transmittance 
values for the two covers, the concentrator side of the absorber is 
expected to receive approximately 0 . 53 of the s olar radiation incident 
on the reflector surface . Any dust or contamination of the collector 
covers or absorber surface would tend to further reduce these val ues . 
The size of the s olar collector, as indicated earlier, was pur­
posely made as small as practical in order to reduce the cost o f  the 
collector. Saienga (1977) tested a s imilar s olar concentrator system 
that was specifically designed as a non-tracking unit. To accomplish 
this, a collector height of 1.22 m (4 . 0  ft. ) was required in order that 
the solar energy could be focused within that height during the entire 
year. The collector otherwise was iden tical to the one tested in this 
research, except that both layers of cover materials were plas tic film. 
The cost of the eys tem tested, had the collector been built to the 
height indicated above, would have been $ 154 1 . 76. The cos t  of the 
system tested, when used in the sun tracking mode and with the original 
collector height of 0. 76 m ( 2 . 5  f t . ) , was $2 065 . 1 3, indicating an 
increase in cost of  $523.37  when using the s�n tracking sys tem. 
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The collector ef ficiency bas ed on the incident radiation on a 
vertical surface was compared to the average collector temperature 
differential, divided by the solar radiation available on a vertical 
surface. In considering the data collected for the non-tracking solar 
energy-intensifier, the following d irect and linear relationship was 
found s ignificant : 
Y = -0. 00068 + 0. 00055X1 
Y = Efficiency, based on a vertical surface, expressed as a 
decimal. 
X1 = t1 + te 0c Sec - ta 
Langley 
I 
ti = Collector inlet temperature, 
o
c 
te = Collector exit temperature, 
o
c 
ta = Ambient air temperature, 
o
c 
I =  Solar radiation available on a vertical surface, Langleys per 
second 
The independent variable accounted for 92. 3  percent of the variability 
in collector efficiency, wi th a standard error of es i tmate of 0 . 043. 
� gLaph of this equation is shown in Figure 21 . For the sun tracking 
so lar concentrator system, a s imilar signi ficant relationship was 
developed, 
Y = -0 . 00472 + 0 . 000477X1 
wi th the variables the same as  listed above . The independent variable 
here accounted for 87 . 7  percent of the v�riability in collector effi­
ciency with a standard error of es t imate of 0 . 055. The graph of this 
equation is sho�'Tl in Figure 2 2. This ana lysis was conducted according 
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to a National Bureau of Standards interim report on rating solar collec­
tors by Hill and Kusuda (1974) . It is normally expected that relat ion­
ships of this type would exhibit a negative slope. This was no t evident 
in this study, and can be at least partiall a ttributed to the following 
factors : 
1 .  The data range for temperature differential divided by solar 
radiation in this research was below the data range for the work 
reported by Hill and Kusuda (1974) . The highest value for this research 
was 0. 028 degrees C-square meters per watt, .. hich was lower than the 
lowest values given in the graphs fn the report. 
2.  The temperature differential was not s ufficiently large in 
this research to have caused a decrease in efficieficy. If larger 
temperature differentials had been ob tained with this system, it is 
expected that a decrease in e fficiency would have occurred, and a 
"higher-order" regression equation would ha e been necessary to describe 
the system's behavior, Hill and Kusuda (1974) . The above cited report 
also based the graphs on instantaneous, 1 5  minute, s tabilized data 
readings , whereas the data in this research represented actual field 
conditions with normal climatic variations. 
In predicting the energy collected by the solar collector system, 
the following relationships were developed, first considering the non­
tracking system. A significan t, linear, and direct relationship was 
developed between solar energy collected, and solar energy available on 
a horizontal surface and the average collector temperature differential : 
y 
Y = 2 38. 00 + 0. 2 05 7X1 + 14. 580Xz 
2 Energy collected, atts/m 
x1 = Energy available on a horizontal surface, watts/m
2 
Xz ta , oc 
0 = collector inlet temperature, C 
= collector exit temperature, 0c 
= ambient air temperature, 0c 
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The independent variables account for 66. 5 percent of the var�ability 
in energy collected with a standard error of estimate of 63.8. 
Variable X2, the average collector temperature differential, was used 
as a variable because convective heat loss  in the system is a function 
of this variable raised to the first power . 
Considering the sun tracking data, the following direct, linear 
and significant relationship was developed between energy collected, 
and energy available on a horizontal surface and the average collector 
temperature d�fferential, 
Y = 1 43. 86 + 0.2701X1 + 12 . 1 1 7X2 
where the variables are the same as indicated above. The indepen ent 
variables accounted for 51. 4 percent of the variation in energy col­
lected, with a standard error of estimate of 78. 5. 
For either the sun tracking or non-tracking systems, equations 
that could explain more of the variance in energ_r collected, could only 
be developed at the expense of containing many independent variables 
and being difficult to use. In add:tion, these equations could only 
be developed by using groups of data within each da ta set, and not the 
entire set of data for either the sun tracking or non-tracking system. 
Since these equations would be too long and cureberscme , and could not 
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be j ustified for engineering use , the simpler relationships are 
presented here with the understanding that further testing is required 
to obtain manageable, but more precise, relationships. 
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CONCLUSIONS 
The following conclusions are made as a result of this study : 
1 .  The solar energy-intensifier system collected 51 . 0  percent of the 
energy available on a horizontal surface during the 1 4  days of data 
taken between November 2 and December 21 , 1 977, a d  March 30-31, 
1 978, for the non-tracking system in Brookings, South Dakota . A 
total of 2. 81 x 1 09 Joules (2. 66 x 1 06 BTU ' s) of solar energy was 
collected during the test period, equivalent to iB0 . 7  kw-hr or 29. 3 
gallons of propane. 
2. The solar energy-intensifier system collected 36.7 percent of the 
energy available on a horizontal surface during the 15 days of data 
taken between January 20 and March 27, 197 8 , for the sun tracking 
system in Brookings, South Dakota. A total of 3. 19 x 109 Joules 
(3.02 x 10 6 BTU ' s) of  solar energy was collected during the test 
period, equivalent to 885 . 4  kw-hr or 33 . 2  gallons of propane. 
3. The thermal efficiency of the solar energy-intensifier, the ratio of 
energy collected to the energy available on a horizontal surface, on 
a clear day ranged from 55 . 1  percent at 1000 to 128. 4 percent at 
1400 for the non-tracking system , utilizir.g the total collector and 
reflector areas . Eff iciencies were higher, 7 9. 4  and 184 . 9  percent 
respectively, when the effective collector area and instantaneous 
reflector area were used as the datum . 
4. The thermal efficiency of the solar energy-intensif ier for the sun 
tracking system on a clear day ranged from 21 . 4  percent at 1 000 to 
77. 4 percent at 1 400, utilizing the total collector and reflector 
areas. Efficiencies were higher, 30. 8 and 111 . 4  percent, respec­
tively, when the effective collector area and instantaneous 
reflector area were used as the datmn. 
60 
5. Efficiency based on energy available on a vertical surface, of the 
solar energy-intensifier for both sun tracking and non-tracking, is 
significantly, linearly, and directly related to the average collec­
tor temperature differential divided by the incident solar radiation. 
6. Energy collected by the solar energy intensifier for both sun 
tracking and non-tra�king modes of operation is significantly, 
linearly and directly related to the energy available on a horizon­
tal surface and the average collector temperature differential 
rais ed to the first power . 
7. The to cal cost for a non-tracking solar etlergy-intensifier system 
would be $ 1541. 76. The cost of the sun tracking system as tested 
amounted to $2065.13. 
8. The additional energy collected by the sun tracking solar energy­
intensifier amounted to 104. 7 Kwhrs or 3. 9 gallons of propane 
equivaleLt against that collected by the non-tracking system. 
9 •. L sun tracking solar energy-intensifier cannot be justified for use 
dur i 1g the coldest winter months , based on the small additional 
energy collected as ccm:pared to the higher overall cost of the 
system when utilizing a tracking mechanism, for Brookings, South 
Dakota. 
SUMMARY 
The United States agricultural system provides numerous oppor­
tunities where low to moderate temperature rises can provide a large 
percentage of the energy used for agricultural purposes. Field data 
and performance information on solar energy-intensifier systems are 
limited . Therefore, a study was conducted to design and evaluate a 
solar energy-intensifier system capable of being used for multiple 
applications. 
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Temperatures within the collector system were monitored so that an 
evaluation of the energy collection capability of both a sun tracking 
and non-tracking system could b e  determined. The analysis of the data 
indicated that the sun tracking solar energy-intensifier collected an 
additional 3. 7 7  x 108 Joules (3 .57 x 105 BTU ' s) of energy compared to 
the non-tracking system under actual climatic conditions in Brookings, 
South Dakota. 
The thermal efficiency of the solar energy-intensifier on a clear 
day, based on instantaneous reflector and effective collecto= area as 
cnmpared to the energy available on a horizontal surface ranged from 
7 9 . 4  percent at 1 000 to 184. 9 percent at 1 4 00 for the non- tracking 
system. Similarly, the efficiency ranged from 30.8 percent at 1000 to 
1 1 1. 4  percent at 1 400 for the sun tracking system. The avera&e system 
efficiency based on energy available on a horizontal surface was 51. 0 
percent for the non-tracking syst em, and 36. 7  percent f or the sun 
tracking system. 
Statistical analyses were utilized to evaluate collector efficiency 
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based on the average collector differential divided by the incident solar 
radiat ion . Statist ical analyses were also used to  predict the energy 
collected based on solar energy available to  a horizontal surface , the 
sun ' s  azimuth angle and declination , the ambient air temperature , the 
average co llector temperature differential and the time of day . 
RECO.HMENDATIO""S FOR FVTURE STCDIES 
In evaluating the past a.�d present research performed at South 
Dakota State University on the solar energy-intensifier system , this 
author offers the following suggestions concerning the improvement in 
the system performance. 
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First, in considering ad ditional data that shoul d have been taken 
while the testing was underway, the following recommendations are made : 
1 .  Due to the small altitude angles of the sun during the winter 
months, the energy available should be recorded on both a vertical 
and horizontal surface, or on a direct normal surface. The conver­
sion of the energy collected on a horizontal surface to either of 
the o t her two surfaces resulted in excessive inaccuracy for the 
hours plus or minus two hours from solar noon. 
2 .  Wind velocity affects collector performance through the transfer of 
heat to the outside air by convection. High win d  velocities were 
note d  many times throughout the test period , and shoul d have been 
recorde d for use in developing the prediction equations for energy 
collected. 
3. Through manual testing of the collector pl enu� chamber, rather fast 
response times were noted between the plenum temperature and the 
inci dent solar radiation. In one test , the plenum temperature 
dropped 1 8° F (1 0° C) within two minutes from the time that the sun 
was obstruct e d  by cloud cover. However, the temperatures of the 
various thermocouple points were recor ded over a twelve minute 
period. Some means, therefore, of synchronizing the pyranometer and 
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thermocouple temperature readings is necessary in order to accurately 
match solar insolation with temperatures. 
4.  Temperatures along the top of the collector should be taken in order 
to determine the amount of temperature rise that can be contributed 
to either side of the collector. 
Improvements in the design or construction of the solar energy-intensifie r 
system are pos sible and the following suggestions are made : 
1. Nylon filament tape was used to help seal the collector covers to 
the framework. Although it performed well on the outside cover, the 
tape on the inside cover deteriorated rapidly, apparently due to the 
heat generated inside. Another means of sealing the inside cover 
should be used. 
2 .  Ordinary flat black house paint was used to coat the absorLer surface , 
but underwent excessive peeling and flaking during the test period. 
A more heat resistant paint is advised to eliminate this problem. 
3 . As mentioned earlier , the reflective material used on the reflector 
suffered excessive wrinkling and bubbling while in use. Another 
means of attaching the material to the r eflector , or a redesigning 
of the reflector to incorporate another type of reflective surface 
is reconnnended. 
4. Silicone based caulking compounds, or a similar material which can 
expand and contract with the collector and plenum structural sup­
ports, �hould be used to seal the j oints and cracks. As this 
accounts  for the largest loss in energy coll ected , it is important 
that all j oints and seains be sealed well to eliCTinate this problem. 
5 . The polystyrene used to insulate the plenum chamber tended to 
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separate from the walls of the plenum while in use . Another means 
of attaching the polystyrene, or the use of another type of insula­
tion should be considered. 
6. The tracking motor used in this study failed to work in temperatures 
below - 1 2 . 2° C (10° F), and should be insulated from the outside air . 
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ANALYSIS OF VARIANCE TABLES 
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Table A-1.  Analysis of Variance for Efficiencies on a Vertical Surface 
Non-Tracking - Data 
Source DF ss MS F 
ti + te - ta Due to 2 1 2 . 7 7257 2 . 77257  1 51 7 . 44** 
Iv 
Error 1 10 0 . 2 1 560 0. 0018 3  
Total 1 11  2.98817 
** Significant at the 1 . 0% level 
Table A-2. Analysis of Variance for Efficienci es on a Vertical Surface 
Tracking - Dat a  
Source DF ss MS F 
ti +  te - ta 
Due to 2 1 2. 56192  2.561 9 2  840 . 79** 
Iv 
Error 1 1 8  0.35955 0. 00305 
Total 119  2.92146  
** Significant at the 1 . 0% level 


















1 321067. 3 
** Significant at the 1. 0% level 
Table A-4. Analysis of Variance for 
Sun-Tracking Data 
Source DF ss  
Due to 1 56802 3. 7 
Energy Availablea 
T · + Te Due to 1 
2 - TA 
1 19543 6. 4  
Error 1 1 7 --721 381. 0 
Total 1 1 9 1 484841.1 
** Significant at the 1. 0% level 
MS F 
803052. 4 197. 6** 




568023. 7 92 . 1 2** 
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REFLECTOR-COLLECTOR SYSTEM 
75 
Table B- 1 .  Costs for Reflector Materials 
Quantity Description 
6 3 . 66 m x 1 5 . 24 cm x 1 5 . 24 cm 
( 1 2 '  x 6u x 6" ) Pos ts 
2 . 29 m3 Concrete 
(3 yds . )  
2 0 . 6 1  m x 45 . 7  m (2 ' x 1 5 0 ' ) 
Rolls of ref lective film 
1 1  Sheets of  0 . 1 5 cm ( 1 6  gauge) 
Shee t Steel 
1 6  
1 2  




3 . 66 m x 5 . 08 cm x 0 . 64 cm 
( 1 2 ' x 2" x 1 / 4" )  S trap Iron 
3 . 66 m x 3 . 8 1  cm x 3 . 81 cm x 
O .  64 cm ( 1 2 ' x 1 1 / 2" x l 1 / 2" 
x 1 /4")  klgle Iron 
6 . 1  m x 1 . 5 9  m (20 ' x 5 / 8" )  
Rod 
3 . 66  m x 1 . 9 1 cm (1 2 '  x 3/ 4 " )  
Rod 
1 . 83 m x 2 . 54 cm x 0 . 32 cm 
(6 ' x l "  x 1 / 8" )  Pipe 
3 . 1 7 cm x 0 . 64 cm ( 1  1 /4" x 
Carriage bolts  
Uni t Cos t , $ 
1 2 . 15 
9 4 .  9 0  
1 84 . 20 
23. 82 
. 72/m 
( . 22/ft)  
� 69/m 
(. 21 /f t) 
. 72 /m 
( . 22 / f t )  
. 62 /m 
( . 1 9 / f t )  
. 94 /m 
( . 29/ft) 
. 10 
76  
To tal Co s t , $ 
7 2 . 90  
· 94 . 90  
368 . 40 
262 . 02 
42 . 2 4 
30 . 24 
52 . 80 
1 3 . 6 8 
1 . 7 4 
36 . 60 
975 .. 5 2 
7 7  
Table B-2 . Costs for Collector Materials 
Quantity Descrip tion Unit Ccst , $ Total Cost , $ 
1 9 . 8  m 5 . 08 cm x 10 . 16 cm . 72 14 . 30 
(65 ' )  ( 2" x 4")  Lwn"ber ( . 2 2/ft)  
5 . 5 7 m2 Corrugated Aluminum . 43 25 . 80 
(60 f t2 ) 0 . 45 mm ( 26 gauge) 
1 1 . 1 5  m2 3 mil Plastic film . 13/m2 4 . 80 
( 1 20 ft2 ) { . 04/ft 2 ) 
1 1 . 1 5  m2 6 . 40 mm (0 . 025")  96 .00 96 .00 
( 1 20 ft 2 ) Fiberglass 
38 . 4  m Foam weatherstripping . 54/m 20. 1 6  
( 1 26 f t )  ( 1 6/ft )  
1 8  Tubes o f  caulking cmpd. . 36 6 . 48 
l . 89L Flat black paint 1 . 14 2 . 28 
(2 Quarts )  
0 . 95L White enamel paint 1 . 1 4 1 . 14 
( 1  Quar t) 
1 Roll of  filament tape 1 . 04 1 .04 
100 3 . 1 8  cm x 0 . 64 cm Wood . 01 1 .00 
Screws ( 1  1 / 4" X 1 /4 t t ) 
1 20 3 . 1 8  cm X 0. 64 cm . 05 6 . 00 
( 1  1 /  4" X 1 /4" ) Bolts 
1 Box of 0 . 95 cm (3/ 8" ) . 7 9  . 7 9 
Staples 
1 79 . 79 
7 8  
Table B-3 . Costs  for Duct Materials 
Quanti ty Description Uni t Cos t , � y Total Cost , $ 
1 2  1 . 22 m x 2 . 44 m x 1 . 27 cm 16 . 16 193 . 92 
( 4 '  X 8 '  x 1 / 2" )  Plywood 
12 1 . 22 m x 2 . 44 m x 2 . 54 cm 4 . 48 53 . 76 
(4 ' x 8 '  x 1 " )  Ure thane 
0 . 93 m2 Galvanized sheet steel 0 . 38 3 . 80 
( 10 f t2 ) 0 . 45 nnn (26 gauge) 
0 . 9 1  Kg 0 . 28  cm (6¢) Nails 0 . 45 0 . 90 
(2  Lbs . )  
0 . 45 Kg 0 . 38 cm ( 10¢) Nails 0 . 50 0 . 50 
(1 Lb . )  
14 Tubes of caulking cmpd . 1 . 69 23. 66 
2 Rolls of duct tape 1 . 23 2 . 46 




1 2  
6 
6 
1 2  
1 
12  
2 Pkg ' s 
1 2 . 2 m 
(4 0 ' ) 
1 1 . 3  m 
(36' ) 
2 . 85 m 
(9 . 33 ' ) 
. 92 m 
(3 . 0 ' ) 
40 
24 
Table B-4 . Costs for Tracking Mechanism 
Description 
10 Watt Synchronous Motor 
Pillow Blocks 
2 Bolt Flange Bearings 
1 3  tooth Sprockets  
78  tooth Sprockets 
Taberlock bushings  
60 . 1  Gear Reducer 
#40 Riveted Chain 
Chain Links 
2 .  54 cm ( 1" )  ,f, 
Hot rolled shafting 
5 . 40 cm x 0 . 0 8 cm (2 . 125  
x 0 . 3 1 5 " )  Pipe 
Threaded Rod 
5 . 72 cm x 2 . 54 cm x 2 . 54 cm 
(2 1 /4" x l "  x 1 " )  Channel 
iron 
7 . 6 2 cm x 1 . 27 cm (3" x 1 /4" ) 
Carriage bolts 
3 • 18 cm x 0. 6 4 cm ( 1  1 / 4" x 
1/4" ) Bolts 
Uni t Cost , $ 
5 3 . 1 5  
6 . 1 3  
2 . 23 
5 . 54 8  
22 . 396 
4 . 725  
1 00 . 35 
6 . 20/m 
( 1 . 89/ft )  
1 . 2 2  
2 . 20/m 
( . 67/ft )  
2 . 92/m 
( . 89/m) 
. 82 /m 
( . 25/ft )  
1 . 44/m 
( . 44/ f t) 
. 10 
. 05 
7 9  
To tal Cost , $ 
5 3 . 15 
36. 78 
26. 76 
33 . 29 
1 34 . 38 
56. 70 
100 . 35 
1 1 3 .  40 
2 . 44 
26 . 80 
32 .04 
2 . 33 
1 . 32 
4 . 00 
1 . 20 
630 . 82 
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l 2 l C / 7  ! 2 UO C. 1, 6 � - 0 1 3 . 0  1 3 . 0  1 3 . 0  3 3 - 0  4 3 . 0  
1 2 10 7 7  1 3 0 0  0 . 4 8  9 . 0  1 3  .. 0 n. o 1 3 . 0  2 7 - 0  42 . 0 
l Z l U  l 7  1 1, 0 0  0 . 3 7  1 1 . 0  l 'i .. 0 1 !>- 0 l � . 0  3 5 . 0  3 2 . 0  
1 2 1 G / 7  l ', 0 0  0 . 2 )  l] . Q  l t, . 0 l l. . 0 l f, . 0 2 7 . 0  l 'I . O  
l d U l 7  1 6 0 0  C .  O ri  1 5 . 0  l 6  .. 0 1 6 . 0 1 6 . 0 L t, .  0 2 2 . 0 
U l l  7 7  O S 0 0  0 • .2 6  1::, .  0 2 1 . 0  2 2 . 0  2 2 . 0  3 0  .. 0 33- 0 
1 2 1 1  7 7  1. u :r n  0 .. 4 0  1 9 . 0  2 4 . 0 2 5. 0 2 '> . 0  3 ,  .. o ,, 4 .  0 
1 2 1 1 7 7 l l u O  0 . 4 6  2J . O  2 3  .. 0 2 8 .  0 2 1.l . 0 4 6 . 0 54 . 0  
1 2  l l  7 7  l ?. 0 0  c .. s o  2 8 . 0  3 t . O  3 0 . 0 3 0  .. 0 so . a  5 4  .. 0 
l 2 U 7 7  1 3 00  0 . 4 4  32 . 0  33 . 0  12  .. 0 }l . O  I.; s . o  � o .  o 
1 2 1 1 7 7  1 4 0 0  0 . 2 3  3 2 . 0 34 . 0 3 3 . 0  3 3 - 0  3 6  .. 0 3 7 . 0  
1 2  l 1 1 7  1 5 0 �  0 . 1 0  3 2 . 0  :v . . o  3 j . 0 3i . O  3 6 - 0 36 . 0  
1 2 1 1 7 7  l 6 C O  0 .. 0 1  3 1 . 0  3 <  • •  0 3 ) . 0 3 3 . 0  3 6  .. 0 .H ., . 0  
l 2 l H 7  o··r no  0 . 2 6  2 , . 0 3l . u 3 ,, .  0 3 3  . o  3 6 . 0 3 3 . 0  
1 ;' 1 > 7 7  1 00 0  0 .. l, '• 2 8 . 0 3 � . o 3 b . O 3 6  .. 0 -4 1 .. 0 4 8  .. 0 
1 2  � 3  n l l  0 0  o . � �  2l:l . l)  3 , . o 3 6. 0 3 1., .  0 43 . 0  Su . O  
1 2 1 1 7 7 t 2 0 0  0 .. 55  3 6  .. 0 4 0 . 0 3 8. 0 39 . 0  � '-- 0  n l . O 
L.! 1 � 7 7  U 0 0  C . 49 .3 5 .  0 4 0 . 0  �9. 0 39. 0 )5 . 0  lO . O  
l 2 U 1 7 1 4 0 0  0. 3 9  4 1  .. 0 4 t . O  40. 0 4 0. 0  5 5  .. 0 5 8 . 0  
1 2 1 3  7 7  1 500 0 . 2 5  38. 0 4 1 . 0 ,iO. O 40. 0  4 8 . 0  5 1  .. 0 
1 2 1.3 7 7  1600 0. 09 l7. 0 39. 0 3 � . O  3 8 . 0  '-l • O  't3. 0 
6 
---
6 8 . 0  
7 5 . 0 
h l . O 
5 ,) . Q 
5 3 . 0  
6 9  .. 0 
5 ':>  .. 0 
4 5 . 0 
5 . 0  
1 5 . 0 
2 4 . 0 
4 0 . 0 
5 1 . 0  
4-..  \J 
26 . 0  
1 - 0 
7 . 0 
2 1 . 0  
: n . o  
5 iJ w 0  
5 3 . 0  
5 3 .  0 
't )  .. u 
2 7  .. 0 
3 1, .  0 
5 4 . U 
6 'i . O  
7 7 . 0  
6 J . O  
3 8 . 0 
36 .  0 
J IJ • 0 
1t l . O 
5 3 . 0  
7 5 . 0 
82 .. 0 
n . u 
7 1 . 0  
59. 0  
ltb . O  
co 
N 
O A  1f. 
U l 5 7 7  
l l l S / 7  
1 2 1 5 7 7  
1 2 1 S 1 1  
1 2 1 5 7 7 
1 2 1 5 7 7 
1 2 1 5 1 7 
1 2 1 5 1 1 
1 2 2 1 1 7  
1 2 ?  I 1 1  
1 2.> l  7 7  
1 2 2 1 1 1  
1 2 1 1 1 1  
1 2 2 1 7 7  
1 2 2  l 7 1  
l l l  1 1 1  
03 .h ) 7 8  
( H  10 1 8  
0 3 3 0 / 8  
O B O  1 6  
OJ J C  7 8  
1) } ) 0 1 8  
0 3 3 0 1 8  
0 3 1 0 7 d 
0 3 3 1 7 8  
03  . H  7 8  
03  31. 7 6  
0 3 3 1 / 8 
0 3 3 1 7 d 
0 3 3 l 7 8  
0 l '.; 1 7 8  
0331 7& 
PYRANC�c T E R  REA01NC S ,  CAL/SQ-CH-M l i� , ANO TCHPcR£TURES .
0
f , A T PO INT NUMBER 
- -
HOUR PYR ANOM HER AMB I E N T  1 2 3 4 5 6 
---- --- - -- - -- ___ ______,__ _____ 
0 9 0 0  0 . 0 5  2 8 . 0  34 . 0  3 5 . :) 35. 0 34 . 0  3 5 . 0 3 6 . 0  
1 000  c.  1 5  3 4 . 0 3 1. o 3 8. u 38 . 0  4 , . o  5 1 .  0 c,o . o  
1 1 00 o. ,, o  40. 0 42. 0 4 1 . 0 1, 1 . 0 5 3 . 0  6 1 ) .  0 76 .  0 
1 2 0 0  0 .. 52 4 0 . 0  4 5 . 0 4 3 . 0 4 3 . 0  5 6 . 0  6 1 . 0  76 . Q  
1 100 0 . 4 1  4 0 . 0 45. 0 ', 3 . 0 4 't  .. 0 (l(J ,,. 0 56 . 0  6 3 . 0 
1 400  0 .. 3 5  4 0 . 0 46.  0 4 3 . 0  44  .. 0 5�. u 6 0 . 0  6 9 . 0 
1 �0 0  o .. 1 5  4 0 . 0 4'• ·  0 42. 0 42 . 0  4 7 . 0  4 �  .. o 4 8 . 0  
1 6 00 O . O 't  4 0  .. 0 4 7. . 0  4 1 . 0 4 l . Q  4 4 . 0  4 ;) . 0 4 4 . 0  
0 '1 0 0  O . l b o . o l o . a l 7. 0 1 7 . 0  l d . O  1 8 . 0  2 0 . 0 
1 0 0 0  0. 2 3  5 . 0  l ll- 0 2 0 .  0 1 9 . 0  2 5 . u  n .. o 30.  0 
1 1 0 0  o . ,, 6  5 . 0  1 9 . 0 2 0  .. 0 2 0 . 0 3 4 . 0  ) tl . O  4 7. 0 
1 2 00  o.  52  1 3 . 0 22. 0 2 1o . o 22 . 0  44 . 0  49 . 0  l, J .  0 
u o o  0. 52  1 6 . 0 2 3 . 0 24- 0 2 3. 0  4 7 . 0  4? . 0  � ,  . a  
1 .:. 0 0  O. H 1 1 . 0  2 3 . 0 2 4 . 0 2 4 . 0  4 1 . 0  'd . O  4 7 . 0  
1 5 00  0. 3 1  20 . 0 2 4 . 0 2 4 . 0 2 4 - 0  3 4 . 0  3 6 . 0 3 tl . O  
l b O O  0 . 1 13  2 1 . 0  n. o n. o 2 3 . 0  2 6 . 0  2 7 .  0 2 8 . 0 
09 1 0  0 . 5 6  54 . 0  60 . 0  59. 0 5 l - O  6 1 . 0 60 .. 0 b O . O 
l t;0 0  C. 7 't  5 9 . 0  li 1. 0 M . O  60. 0 7 2 . 0 1 2 . 0  7 3 . 0 
1 1 00  0 . 86  1., ,, .  0 7 5 . 0 70 . 0  6 6 . 0 8 6 . 0  8 l . O  0 5 . 0 
1 20 0  0 . 9 1  6'i.  0 8 ") .  0 7 7 . 0  "1 '4 . 0  <; u . O 9 7 . ,J 9 3 . 0  
1 3 00 0 . 9 1  1 2 . 0 86 .. 0 Sl . O 7 il . O 1 2 3 . 0  1 l H . 0  1 1 8 . 0  
1 4 00  0 - 8 4  76 . 0  89 . 0 85 . 0  80 . 0  1a . o  1 1 5 . 0 l l 5 . 0 
1 50 0  o. 7 7.  1 1 . 0  88. 0 as . o  80 . ()  106 . 0  1 0  T . O  1 1 0 . 0  
1 6 0 0  0 . 5 3  7 7 .  D a 1. o 86. 0 b l .O 9 1  .. 0 9 U . O  1 0 4 . 0  
0900 0 . 4 6  59 . 0  6 6 . 0 6 3 . 0 6 ! - 0  6 7 . 0 -65 . 0  6 6 . 0 
1 0 00  0 - � 4  63 . 0  70. 0 6 8 . 0 u.o  7 t . O 12 . 0 1 2 . 0 
1 1 0 0  c . ,. o  ti5 . 0  7 J . O 68 . 0 6 5 . 0  70 . 0  72 . 0  7 7. 0 
1 20 0  1 . 0 <.  ]O.  0 82. 0 76. 0 1 2  ... J 9 3 - 0  9 9 . 0  1 u. o  
1 3 0 0  0 .. 9 1  n.. o e ,  .. o 8 � - 0  n.o 9 7 . 0  1 04. 0 l U . O 
1 4 0 0  a . o z  7 1  .. 0 82. 0 60. 0 n.o  1 1 0 . 0  94 . 0 1 1 5 .. 0 
1 500  0 .. 0 9  12 .. u &0. 0 18 . 0  7) . 0  9 �. o  9 7 . 0  1 0 1 . 0  
1600 0. 52 12. 0  10. 0 76. 0 1s.o 8 1. 0  86. 0 92. 0 
� ·  00 w 
PYRANOMET ER  R EADING S ,  C Al/SQ-CM- M l N ,ANO TE MPfRATURE S , ° F , AT PO I NT NUMBER 
O A f E HOUR PYRANOHf TE� AMB I ENT l 2 3 4 5 6 
--------------- - -- ___ _..._......_ 
0 1 2 0 7 8 0900 0 .. 2 8  - 1 3 . 0 b . O  2 . 0  8 . 0  8 . 0  5 . 0 ] .  0 
O U 0 7 8  l 0J0 0 . 4 ,2 - 1 0  .. 0 1 . 0  t, . 0 1 0 . 0  2 1 . 0 2 1 .  0 1 4 . 0  
0 1 ,1 0 7 8  1 1 0 0  0 . 5 3  - 4 . 0  tJ .  0 1 1 . 0 l 1 - 0  2 9 . 0  ) 5 . 0  4 5 . 0  
o u o  r a  l .? 0 0  0 . 6 5  o.o 1 2 . a 1 4 . 0  l J� O  3') . 0  4 1 . 0  � 9 . 0  
0 1 2 0 / 8 1 300  0 ... 6 6  5 .. 0 1 3. 0 1 1. a 1 3 . 0  ', 8 . 0  4 � - 0 Sb . O  
O l 20 7 8 1 40 0  o . 5't  9 . 0  1 4 .  0 16 .  a 1 ,, .  a 3 7 . 0  34 . 0  5 � . o  
Q l } O  1 8  1 500  0 . 4 0  1 3 . 0  1 5 . 1)  1 6 . 0  l <- .  0 3 4 . {)  3 1 . 0  lt 6  .. 0 
0 1 � 0 7 8 1 6 00  0 . 7. 0  1 3 . 0  n. a 1 3 . 0  1 3  .. 0 1 ri . o  2 2 . 0 29 . 0  
O l 2 l 7 8 O'r n O  0 .. 2 1  - 1 0 . 0 2 .. 0 2 . 0  5 . 0 3 .. 0 3 . 0  4 . 0  
0 1 2 l / &  1 00 0  0. 19  - 4 . 0  5 .  0 6 . 0  1 . 0  1 4 . 0  V i . O  l � . o  
0 1  l I 7 8  1 1 00 0 . 4 1}  o . o  8. 0 1 1 . 0  1 0 . 0  2 8 . 0  3 2  .. 0 3 1 . .  0 
O l 2 l 7 8 l :! 00  O. l. O  6 . 0 l l . 0 1 5 . 0  1 1  .. 0 4 1 . 0  4 2 . 0  lt 1 . 0  
0 l 2 L 7 8 1 3 0 0  C ,. 6  L t'i w O  1 z . o  1 6 . 0 1 2 . 0  3 4 . 0  3 3 .  0 3 7 . 0  
O l  2 1 7 8 1 4 0 0  o. 56  1 0 . 0  1 3  .. 0 1 5 .  0 1 2 . 0  3 1 . 0  2 0 . 0  3 6 . 0 
0 J l l 7 a  1 5 0 0  0. 3 6  L J .,  a 1 5 . 0 n. o  1 � . o 3 9  .. 0 3 5 . 0  lt 5 . 0  
0 1 2 1 7 8  l o 00 0. 1 7 1 4  .. a 1 5 .  0 L b  .. O l 5. 0 l ? . O  20. 0 2 3  .. 0 
0 1 2 .! 7 8  09uu  0 .. 22  a .  a 1 6  .. 0 1 6 . 0 1 1  .. 0 1 9 . 0  1 8  .. 0 1 9 . 0  
0 1 n r n  1 0 00 0 . 3 6  1 2 .  0 1 9  .. 0 2 0 . 0 2 0 . 0  29 . 0  2 8 . 0  2 8 . Q  
0 1 2?. / 8 U G O  0 . 4  7 1 1 .  0 2 2 . 0  2 5 .  0 2 2 . 0  4 5 . 0  4 7 . U  5 / . 0  
0 1 1..! 7 8 1 2 00 0 .. 6 0  20 . 0  2 4- 0 2 9 . 0 2 5 .  0 5 9 . 0  % . 0  6 6 . C 
0 1 2 2 7 8  1 3 0 0  c .  7 l  22 . 0  2 6  .. 0 3 0 - 0 2 5 . 0 5 ') . Q  % .. 0 6 5 . 0 
O U 2 l 6  1 1, 0 0  o . s a  2 5 . 0  2 a. o  2 7- 0  3 1  .. 0 5 3 . 0  5 1  .. 0 6 3 . J 
0 1 17 7 3 1 5 00 0 . 4 2 2 s . o 2 8  .. 0 30. 0 2 8 . 0  4 8 . 0  4 9 . 0 5 4 . 0 
0 1 2 2 1 8  l f, 00  0 - 2 2 2. 5 .  0 2 0 . 0 2 9 . 0  2 8 . 0  J 'j ,. Q  4 0  .. 0 4 2 ., 0 
0 1 2 1, ,  a 0900  0 . 2 5  a . a  2 4 . 0 2 't . O  2 6 . 0  2 5 . 0  2 2 . 0  2 1, - 0  
0 1  l. 1, 7 8  l Q iJ O  c. n 1 1t. . O 2 6 . 0  2 7 .  0 l tJ . 0 40 . 0  4 l .  0 3 4  .. 0 
O ll. . 7 8 1 1 0 0  O . J b  1 9  .. 0 2 tJ. 0 3 0 . 0  7 ,J . O  5 1 ., 0  5 5 . :) s 7. a 
O U 4 1 iJ l 2uJ  0 . 1, 0  2 3 . 1)  2 9 . 0  30 . 0 n. o 5 5 . 0  U.- 0 o 7 .  0 
O l l 1, / El  1 3 0 0  o .  3 8 29 . 0 3 1 . 0  3 5 . 0 3 l . Q  6 4 - 0  64 . 0  7 _; . 0 
0 1 2 '  1 fJ 1 40 0  o .  5 '] 30. 0 3?. . 0 36 . 0  3 ? . 0  6 1 . 0 o 1 . o  72 . 0 
O l  l •t 1 8  1 :> C O  0 . 4 0 3 1  .. 0 34.  0 3 5. 0 3 3 . 0  5 3 . 0  5 4 . (l  S Q ,. Q 
0 1 2 4 1 a  1 <>00  o .. zo  zq . o 32 .. 0 3', .. Q 3 ., . 0  4 0  .. 0 't l . O  5 0 . 0  
O l 2 1 7 8 0 9 :) 0  0 . 2 6 - n. o  1 3  .. 0 9 . 0 l 4 . 0  1 4 � 0  9 .. 0 9 . 0  
0 1 2 7 7 d J 000  0 . 4 4  -9 . 0  1 2 .  0 l O . O  1 4 . 0 2 1 . 0 2u. o l '> .. 0 
0 1 2 7 73  1 1 00  0. 5 6  -6 . 0  1 2 . J 1 2 . 0 n .. o 2 1 . 0  3 1 . 0  39 . Q  
O l 2 7 7 8  l .? 00  0. 6l - 1 . 0  u . o  1 4 . 0  l '•• 0 34 . 0  J6 . 0  4 u  .. o 
0 1 .2 77 d 1 300  0. 62 o. o 1 3  .. 0 H . O  14 . 0  3 ., .. o 36 . 0  � o  .. o 
012 1 1 a 1 40 0  o .. s6  2 .  a 1.l. O 1 !1  .. 0 1 4 . 0  3 1 M O  3 � . o  't 7 . o  
0 1 2 7 78 1 5 0 0  0 . 41t 1 .. 0 14. 0 1 :, . 0 l !i . O  � 4 - 0  2 s. o  :n. o  
012778  U , Q Q  o. lS s. o l't.  0 i1w. o  1.s. o 1't . O  23.0 26. 0 
--
PYRA�CHE T E� R EADI NGS , C AL/SQ-CM-N lN , AN0 TEMP ERATUR E S ,° F , A T  PO lNT  NUMB ER 
-
DA T E  .,OUR PYR ANOHETER . Ui.B I E NT 1 2 3 4 5 6 
-- -·-- -- -- ---
0 1 2 9 7 8  o •r n o  0 .. 3 2  - 1.7. - 0  7. 0 s. 0 1 0. 0  6 . 0  3 . 0  4 . 0  
0 1 29 7 8  1 000 0 . 4 0  -a. a C). 0 8 . 0  u . o  ! 6 . 0  1 8 .  0 1 3 . 0 
O U '- H i3 H OO 0 . 60 --4 .. 0 1 0. a 1 1 . 0  U - 0 2 7 - 0  30. 0 3 6 � 0 
0 1 2 9 1 8 1 2 00  0. 6 9  1 .  0 1.2.  0 1 4 . 0  v.o  3 5  .. 0 4 0 . 0 ,, 7. 0 
0 1 2 9 7 &  l 3 0 0 O . b 8  " ·  0 1 4  .. 0 1 6 . 0  1 3  .. 0 4 0 . Q  .r. c . o  5 2 . 0  
0 1 2 9 7 8 t r. o o  0 .. 5 1  9- 0 u. o 1 1. 0  1 5 . 0  3 8 . 0 36 . 0  5 3 . 0  
0 1 2 9 1 8  1 50 0  0. 42  9 . 0  1 6 .  0 1 6. 0 u.o 2 5 . 0  26. 0 32 .. 0 
0 1 2 9 7 8 l 6 1J O  0 . 2 0  1 3 . 0  1 6 .  0 1 6. 0  1 7 . 0 2 0  .. 0 2 1 . 0 32 - 4  
0 1 3 l /8 0 900  o. ,2 8  - 1 4 . 0  9 . 0  6 . 0 1 1 . 0  6 . 0  3 . 0  5. 0 
0 1 3 1 7 8  1 0 00  0. 4 5  -a. a a . a a . o 1 1 . 0  1 5  .. 0 1 5 . 0  1 4 . 0  
0 \ 3  l 7 8  1 1 00  o .. 5.5  - 1 � 0  9 .. 0 11. .  0 1 1 . 0  3/. . 0  3 2 . 0  4 0. 0 
0 1 3 1 7 8  1 2 0 0  o . , 4  a. o l l - 0  1 3 . 0  1 2 . 0  ,3 8 . 0  3 8 . 0  4 6 . 0  
0 1 ) 1 7 8  1 3 0 0  0 . 5 6  9 . 0 1 3 .  0 1 3  .. 0 1 1t . O  l 7 . o  1 6 . 0 1 9 . 0  
O l J l  7 S  1 4 00 0 ... 56  1 3 . 0  l s .  O 1 5. 0 1 s .. o 2 1 . 0  2 6  .. 0 3 4 . 0 
0 1 3 1 1 8  1 5 00  0 . 3 5  1 0 . 0  l b. 0 1 4 .  0 1 5 . t) 1 7 . 0  H, . O  1 7 . 0  
0 1 3 l 1 8 1 6 00 o. 1 8  1 1 . 0  H, . O  1 5 . 0  1 6- 0  1 5 . 0 1 5- 0 1 t, .  0 
0 2  t) 5 7 8 0900  O . H - 1 0 .  0 1 3 . 0  1 1 . 0 1 5 . 0  J. 8 . 0  1 7 . 0  1 5 . 0  
0 2 0 5  1 8  1 00 0  0 . 5 6  - 5 - 0 n. o 1 2. 0  1 4 . 0  2 1 . 0  2 tl . O  32 . 0  
0 2 0 5  7 8  l l UO 0. 6 6  -2 .. 0 1 3- 0 n . o  n. o  3 5 . 0  3 7 . 0  4 2 . 0 
0 2 0 5 / 8  1 2 0 0  o .. 7 4  4 . 0  1 3 . 0  1 5 . 0  1 4 . 0  4 0  .. 0 3 ,1 .  0 4 7 . 0  
02 0 5  7 8  l .\00  C .. 6 9  s .  0 1 4 .  0 1 6 . 0 l <t . O  4 1 . 0  3 6 . 0 4 8  .• 0 
02 0 5 7 8  1 1, 0 0  0 . 5 1  5 . 0  1. 4. 0 1 6  .. 0 1 6  .. Q 3 4 . 0  3 i .  0 4 3 . 0  
0 2 0 5 7 8  1 5 00 o . 4 6  1 0 . 0  1 5 .  0 1 1 . 0  l b . O  2 8 . 0  n.o  H . O  
0 2  0 5 1 8  1 60 0  0 . 1 a 6 . 0  1 3 . 0 1 3  .. 0 1 5 . 0  1 2 . 0  1 5  .. 0 1 8 . 0  
O } l 7 7 8 0900  0 . 4 6 1 4 . 0  29.  0 2 1  .. 0 3 1  .. 0 2 5  .. 0 2 5 . 0  2 8  .. 0 
0 3 1 1 1 a 1 00 0  0 . 6 4 1 9  .. 0 30 .  0 30 - 0 .H .. O 4 1  .  0 .39 . 0 3 5  .. 0 
01 1 7  7 d  l l uO  o . o a  2 6 .  0 3 4 . 0 3 5 - 0  3 4 . 0  5 7 .  0 5 3 . 0 5 1 . o  
0 3 1 7 7 8 1 2 0 0  0 .. 9 0  .7 <; . Q  3 7  .. 0 3 7 . 0 ) {; .  0 6 2 . 0  1, 0  .. 0 6 1 .  0 
O H 7 1 8 1 3 0 0  0 .. 8 9  .3 1 .  0 )<).  0 3 9 . 0 3 8 . (J 6 J . O  60  .. 0 6 1  .. 0 
0 3 L 7 7 8 1 4 0 0  o. 0 '• 3 1 . 0  4 0 . 0 39- 0 3 9 . 0  6 5 . 0  6 l - 0 6 5 . 0 
0 3 1 7  H I  1 5 00 o. 74 3 4 . 0 4 1 . 0 4 0  .. 0 4 l .  0 5 4 . 0  5 5. 0  5 7 . 0  
03 1 7 7 8  1 6 0 0  o.  '• " 33 . 0  39. 0 39 � 0  4 0 . 0  4 2 . 0 4 2  .. 0 4 4 . 0  
03 1 8 1 8  0900  o .. 5 4  40. 0 47 . 0 4 5 - 0  4 3 . 0  b l . O  n . o  5 1 . 0 
0 3 1 8 7 8  1 0 00 0 . 7 4  4 2 .  0 5 1 - 0 4 iJ . O  4 6  .. 0 76 . 0  7 3 . 0 b q . o  
O H B / 8  1 1 00  0 . 0 1  4 2 . 0 52.  0 49. 0 4 7 . 0  8 0 - 0  7 9 .  0 1 1 . 0  
0 3  l O 713 1 2 00  0 . 9 2  42  .. 0 50. 0 50. 0 H . O  8 4 . 0 7 8 . 0  1 9 . ()  
0 3 1 8 7 8  1 3 00 0 .. 90  4 3 . 0  50. 0 50. 0 4 7 . 0 a u . a  7 5  .. 0 7 9  .. 0 
0) 1 8 7 8 l 4 0 0  o .  74  .J,2. 0 so. 0 48. 0 4 6 . 0  H .. O 7(:, .. 0 1 2 . 0  
0l l 8 7 S HOO  Oe b 8  43. 0 4<J. O 47. 0 �b. O t,0. 0 0 1 . v  6 1 . 0  
03 l a 7i 1 600 a."� o.o  're. 0 'e 5 . �  'e5.0  ) 1,, 0  5 1 . O  !i 2 . 0  
PYRAN0NE T E R  READ I NG S ,  CAL/SQ-CH-M 1N ,ANO TEHPERATURES ,° F , AT PO I NT NUHSER 
- - --
O A H  HOUR PYRANOME T ER AMB I ENT 1 2 3 4 5 6 
___...........,.._ ___ - -
0 3 l 'l .l 8  0 9 0 0 0 . 6 0 3 3 . 0  42- 0 't 2 . 0 4 1 . 0  4 8  .. 0 44 .  0 4 4 . 0  
0 3 1 G 1 8  1 000  0. 82  3 1 . 0  5 1 .  a 4 7. C  4 3  .. 0 7 4 . 0 6 1 . 0  5 4 . 0 
0 3 1 9 1 8 H OO 0. 8 7  39 . 0  56. 0 5 0 . 0 ,, 1 . o  8 6 . 0  1 1 . 0  7 3 . 0 
0 3 l H 8 1 200 0-9 l 40 . 0  6 3  .. 0 5 2 � 0 '1.') . 0 1 03 .. 0 q u . o  9 7 . 0 
0 3  l ' H 8  1 3 0 0  0. 9 3  43 . 0  7 1  0 54. 0 S l . O  12 1 . 0 94 . 0  1 00 . 0  
03 1 9 7 8  1 40 0  0 . 8 5  ',3 . 0  64. 0 5 3 . 0  5 l . O  1 1 6 . 0  9 2  .. 0 1 0 7 . 0  
0 3 l 9 7 8 l S OJ  0 .  7 1  43.  0 02.  a 52. 0 50 . 0  1 1 . 0  ? 1 . 0  7 3 . 0 
CH 'J l 8  1 £> 00  0 . 5 2  44 . 0  Sb . a 4<J .. O 4 8 . 0  o 1 .  0 60 . 0 6 ) . 0  
0 3 } 4 7 8  0 ? 00 0 . 6 0  32- 0 3 /. 0 � ,. 0 3 7 . 0  3J . O  3 7 .  0 4 0 . 0  
0 3 7 '1 7 & 1 00 0  0 . 76 36 . 0  1t 1 .  a 4 1  .. 0 4 0 . 0  5 5 . 0  !> l . O  It 7 .  0 
0 ) 2 4 / 8  l l llO 0 .. 8 8  4 0. 0 4 7 .  0 4 S . O  4 3 . 0  1 1 . 0  6 3 . 0  6 3 . 0 
0 3 2 4 7 13  1 2 0 0 0 � 9 4  4 1  .. 0 5 !>  .. 0 ,.� .. o 4 6 . 0 8 ] . 0  6 8 . 0  7 5 . 0 
0 3 2 1t 1 8 1 3 00  O .. <J 3  '4J - O  �t.,. O 5 1 - 0  4 8 . 0  9 4 . 0  n.o  S l . O  
0 3 2 4 7 8  1 4 00 0 . 86 4'• ·  0 5<l .  0 5 ? . 0  't9 . 0  9 G  .. O 7 5 - 0 a s . a  
0 1 � 1, 7 8 1 5 00  0 . 7 3  -'. 5 .  a 5, . .. 0 � o  .. o 4 8 . 0  6 1 - 0  6 1 .  0 6 2 . 0 
0 , 2 1, 1 8  l o J O  o .. 54  46. 0 5 0 � 0 4 7 .  0 4 5 . 0  50- 0 5 1  .. 0 5 2 . 0  
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